Abstract. The present study aimed to investigate the anticancer effects of corosolic acid (CA) in the human lung adenocarcinoma A549 cell line. A549 cells were treated with increasing concentrations of CA, prior to assessing cell viability, migration rate, vascular endothelial growth factor receptor 2 (VEGFR2) kinase activity and cytoskeleton structure. In addition, in vivo imaging system was used to analyze the anticancer effects of CA in vivo. Results demonstrated that CA exhibited a low cytotoxicity with a half maximal inhibitory concentration of 65 µM. In addition, 4 µM CA efficiently inhibited A549 cell migration. Furthermore, CA inhibited VEGFR2 kinase activity and disrupted tubulin structure. Data also revealed that CA inhibited A549 cell proliferation in a xenograft mouse model. In conclusion, results from the present study suggested that CA may be used as a novel potential therapy for lung cancer.
Introduction
Lung cancer is the most prevalent type of cancer worldwide, and ~80-85% of this malignancy comprises the non-small cell lung cancer (NSCLC) (1) . NSCLC is an aggressive type of tumor with a 5-year survival rate of 16%. Although NSCLC diagnosis is made at an early stage, and despite the availability of numerous treatments, including surgery, radiation or adjuvant chemotherapy, ~50% of patients with NSCLC relapse (2) . The development of novel efficient therapeutic alternatives for NSCLC is therefore crucial.
Cell migration is a key step in tumor development and metastasis (3) . Novel therapies that could inhibit cell migration have therefore been considered as novel approaches for lung cancer treatment. Previous studies have revealed that vascular endothelial growth factor receptor (VEGFR) signaling pathway, particularly VEGFR2, serves crucial role in regulating cancer cell migration (4, 5) . Furthermore, it has been reported that phosphorylated VEGFR2 activates downstream Ras homologous (Rho)-GTP hydrolase (GTPase), induces cytoskeleton filaments remodeling and subsequently activates tumor cell migration (6, 7) . In addition, Ku et al (8) demonstrated that VEGFR knockdown reduces hepatocellular carcinoma migration. These findings suggest that VEGFR2 pathway serves an important role in tumor cell migration.
Numerous pla nt-der ived bioactive compounds, including xylocoside G, formononetin and camptothecin, have been isolated from traditional plants and are widely used to treat cancers (9) (10) (11) . The tripernoid corosolic acid (CA), also known as 2α-hydroxyursolic acid, is present in numerous plants, including Lagerstroemia speciosa L. and Actinidia chinensis, and has exhibited anticancer ability against various types of tumor. For example, CA induces apoptosis in multiple cell types through different pathways as follows: CA induces apoptosis of the cervix adenocarcinoma HeLa and osteosarcoma MG-63 cell lines via mitochondrial signaling pathway; CA induces apoptosis of the stomach carcinoma SNU-601 cell line through adenosine monophosphate-activated protein kinase activation; and CA induces apoptosis of the stomach carcinoma NCI-N87 cell line via human epidermal growth factor receptor 2-downregulated cell cycle arrest (12) (13) (14) . However, the anticancer effects of CA and its underlying mechanisms remain poorly understood in lung cancer.
In the present study, CA exhibited a weak toxicity in A549 cells, and decreased A549 cell migration. Results also demonstrated that CA significantly inhibited VEGFR2 kinase activity, and downregulated VEGFR2/Ras-related C3 botulinum toxin substrate 1 (Rac1) binding ability. Data from mice xenograft demonstrated that CA administration inhibited tumor growth in vivo. Taken altogether, these results suggested that CA may be considered as a potential novel therapy for NSCLC, and requires therefore further investigation. Cytotoxicity assay. MTT assay was employed to study CA toxicity on A549 cells as described previously (8, 15, 16 Transwell migration assay. To determine cell migration rate, a Transwell assay was employed (8 µm pore; cat. no. 351184; Corning Inc., Corning, NY, USA). Briefly, A549 cells were serum-starved overnight and resuspended in 300 µl serum-free DMEM medium containing 0.1% DMSO (control) or increasing concentrations of CA (0, 1, 2, 4 and 8 µM). Each sample contained 5x10 4 cells, which were cultured in the Transwell upper chamber. The lower chamber was filled with DMEM supplemented with 10% FBS. Following 16 h incubation, the lower chamber was isolated and cells were fixed using 4% paraformaldehyde at room temperature (RT) for 5 min. Cells were then stained with crystal violet. Results represented the mean of counting in three different areas under light microscope (magnification, x40), according to a previous study (17) .
Western blotting and co-immunoprecipitation (IP).
For western blotting, A549 cells or mouse tumor tissues was lysed in radioimmunoprecipitation assay buffer (25 mM Hepes, 150 mM NaCl, 10 mM MgCl 2 , 1% Nonidet P-40 and 10 mM DTT) and supplemented with protease inhibitor cocktail (Sigma-Aldrich; Merck KGaA). The protein amount in each sample was determined using NanoDrop 2000 (Thermo Fisher Scientific, Inc.) and a total of 50 µg protein/lane was separated via SDS-PAGE on a 10% gel. The proteins were subsequently transferred onto 0.45 µm polyvinylidene difluoride membrane (Thermo Fisher Scientific, Inc.) under 400 mA current for 1 h. The membrane was blocked with 5% non-fat milk powder at RT for 1 h. The membranes were then incubated with primary antibodies against VEGFR2 and p-VEGFR2 (Tyr1059) at 4˚C over night. After incubation with HRP-conjugated goat anti-rabbit IgG secondary antibody at RT for 1 h, proteins were detected with Immobilon Western Chemiluminescent HRP Substrate (ECL) reagent (cat no. WBKLS0500; EMD Millipore) in a dark room with Kodak film and semi-quantified using ImageJ (release number 1.50i; National Institutes of Health).
For co-IP, A549 cells were treated for 24 h with 0.1% DMSO or increasing concentrations of CA (0, 4 and 8 µM). An additional well of untreated cells was used as beads only control (control). Cells were then lysed in reduced RIPA buffer [25 mM Hepes, 150 mM NaCl, 10 mM MgCl 2 , 1% Nonidet P-40 and protease inhibitor cocktail (Sigma-Aldrich; Merck KGaA)] and centrifuged at 7,500 x g for 10 min at 4˚C. Supernatant was collected and protein concentration was determined by NanoDrop 2000. A total of 1 mg protein each group was incubated with anti-VEGFR2-immobilized beads (1:100) (for experimental groups) or without primary antibody (for control group) overnight at 4˚C. A quantity of 5% samples from each group was collected as input. Samples were incubated with PureProteome magnetic beads (cat. no. LSK MAGA10, EMD Millipore Billerica) for 1 h at 4˚C and washed three times with PBS containing 5% Tween-20 at 4˚C. Beads were collected with magnetic rock after each washing step and boiled at 95˚C for 5 min. Samples were eventually detected by western blotting as aforementioned. P-Ser primary antibody was used for IP groups while VEGFR2 and GAPDH were used for input. Membranes were incubated with primary antibodies overnight at 4˚C, and with HRP-conjugated goat anti-rabbit IgG secondary antibody for 2 h at room temperature. Protein amount was determined as described above.
Kinase activity assay. Kinase activity assay was performed with the ADP-Glo™ kinase assay kit (Promega Corporation, Madison, WI, USA). Increasing concentrations of CA were diluted with kinase reaction buffer and added to tubes containing 3 ng of kinase insert domain receptor (KDR; also known as VEGFR2) for 10 min. Then, 0.1 µg/µl enzyme substrate and 10 µM ATP were added to each tube for 1 h. ADP-Glo reagent (25 µl) was then added to each tube for 40 min at room temperature. Eventually, 50 µl kinase detection buffer was added to each tube. All samples were transferred onto a 96-well plate and results were read with a microplate reader.
Rho-GTPase activity assay. A549 cells were treated with 0.1% DMSO (control) or CA for 24 h and lysed with RIPA buffer. Tumor tissues from mouse model was collected and lysed in RIPA buffer. Cell lysates (500 µg) or tissue lysates (1 mg) were incubated with purified glutathione-S-transferase (GST) fusion protein conjugated with Rac1 binding domain (PAK-PBD; Cytoskeleton, Inc., Denver, CO, USA) at 4˚C overnight. MagneGST™ beads (Promega Corporation) were added to each sample for further protein pull down. Pull down samples were centrifuged at 12,000 x g for 30 min at 4˚C and detected by western blotting as previously described. Statistical analysis. Statistical analysis was conducted with GraphPad Prism (version no. 4.0; GraphPad Software, Inc.). All data were expressed as the means ± standard errors and calculated from at least three independent experiments. Statistical comparisons were assessed by using Student's t-test or one-way analysis of variance followed by a post hoc analysis (Tukey test) when applicable. P<0.05 was considered to indicate a statistically significant difference.
Results

CA significantly inhibits cells migration.
To determine the antitumor effects of CA in vitro, the effect of CA on cell viability and migration were assessed. A549 cells were treated with control (DMSO) or increasing concentrations of CA (0-100 µg/ml) for 48 h prior to measuring cell viability with MTT assay. As shown in Fig. 1A , CA decreased A549 cell viability in a dose-dependent manner, and the half maximal inhibitory concentration (IC 50 ) was 65 µM. Transwell assay was performed to measure A549 cell migration following treatment with CA. Results demonstrated that CA inhibited A549 cell migration in a dose-dependent manner, and IC 50 for migration was 4 µM (Fig. 1B and C) . These results indicated that CA inhibited more effectively A549 cell migration than A549 cell viability with a ratio IC 50 cytotoxicity/IC 50 migration=16.
CA inhibits VEGFR2 kinase activity.
A previous study has reported that VEGF/VEGFR signaling pathway may be involved in cancer cell migration, and that VEGFR inhibition could reduce hepatocellular carcinoma cell migration (8) . To determine whether VEGFR was involved in A549 cell migration, VEGFR pathway activity was assessed following A549 cell treatment with CA. Results from co-IP and western blotting experiments indicated that CA significantly reduced VEGFR2 phosphorylation. In addition, determination of VEGFR2 kinase activity demonstrated that 1.95 µM CA inhibited VEGFR2 activity by 50% (Fig. 2C) . To further confirm whether VEGFR2 is involved in A549 cell migration, cell treatment with the VEGFR2 specific inhibitor SU1498 (50 µM) demonstrated that VEGFR2 inhibition may efficiently reduce A549 cell migration (Fig. 2D) .
CA inhibits Rac1 activity and disrupts tubulin organization.
Small GTPase activation is an important downstream event following VEGFR activation. The present study investigated whether CA treatment could induce downstream Rho-GTP activation in A549 cells. Results demonstrated that CA decreased VEGFR2 phosphorylation at Tyr1059 (Fig. 3A and B) , which is considered as an important phosphorylation site that elevates downstream Rho-GTPase activity (18) . Rho-GTP family activity was further investigated, and results revealed that GTP-bounded-Rac1, but not RhoA or cdc42 (data not shown) was significantly downregulated following CA treatment ( Fig. 3C and D) . Since small GTPases have crucial roles on cell skeleton rearrangement and physiological organization (19) , cell staining with Tubulin Tracker™ and Mitotracker ® was performed prior to analysis with confocal microscopy. Images demonstrated that A549 cell treatment with CA induced tubulin network and mitochondria distribution disruptions (Fig. 3E) .
CA exhibits antitumor effect in xenograft in vivo model by regulating Rac1 activity.
A xenograft mouse model was designed to investigate the effect of CA in vivo. Pre-labeled A549 cells were injected in mice and tumor growth was allowed for two weeks. Preliminary data indicated that mg amount of CA could have an antitumor effect in vivo (data not shown). Following A459 cell injection, mice were treated with various concentrations of CA (0, 2, 4 and 8 mg/kg/day) daily (i.p. injection) for two weeks. IVIS live imaging was employed daily to monitor tumor growth. Results indicated that 14 days of CA treatment effectively inhibited A549 cell tumor growth in NOD/SCID mice (Fig. 4A-C) . Eventually, mice were sacrificed and Rac1 activity in tumor tissues was measured. In accordance with the in vitro results, CA-treated mice exhibited a decrease in GTP-Rac1 protein level ( Fig. 4D and E) . These results suggested that CA mechanisms of action may be similar in vitro and in vivo.
Discussion
VEGF signaling pathway regulates cell migration, proliferation and angiogenesis (20) . VEGFR2 is a major receptor in VEGF pathway. VEGFR2-associated signal transduction pathway is initialized by VEGF/VEGFR2 binding, which can lead to VEGFR2 trans-autophosphorylation on its intracellular tyrosine residues (21) . Two residues in the VEGFR2 active loop domain were identified as Tyr1054 and Tyr1059, of which phosphorylation is critical for VEGFR2 kinase activity (22) . Tyr1054 and Tyr1059 phosphorylation can induce downstream signal transduction, including p21-activated kinase (PAK) activation and cytoskeleton remodeling (23) . The present study demonstrated that CA treatment reduced Tyr1059 phosphorylation level of VEGFR2, and VEGFR2 activity. These results may have highlighted a potential mechanism of action for the antimigratory effects of CA in A549 cells.
A previous study reported that VEGF-associated cell migration is dependent of Rac1 activation, and that VEGFR-2 inhibition reduces Rac1 activation (24) . Furthermore, VEGFR2 autophosphorylation is critical for VEGFR2-Rac1 pathway activation (25) . In the present study, VEGFR2 phosphorylation level in A549 cell was significantly reduced following CA treatment with CA. In addition, the combined treatment of A549 cells with CA and SU1498 did not enhance p-VEGFR2 decrease compared with CA or SU1498 alone, which suggested that CA may reduce cell migration through VEGFR2 phosphorylation.
Rho-GTPase activation and subsequent cytoskeleton rearrangement represent crucial steps for cell migration. For example, Rac1 regulation induces microtubules rearrangement (26) . With regards to the migration stage, Rac1 is located at the leading edge of a migrating cell and regulates actin and microtubule reorganization (27) . As previously reported, the constitutively active form of Rac1 (Q61L) promotes pioneer behavior in most microtubules, whereas the dominant-negative form of Rac1 (T17N) eliminates these pioneer microtubules (28) . In the present study, CA cell treatment significantly reduced GTP-Rac1 expression, a finding that has been previously reported (29) . Considering microtubules are one of the key cytoskeleton components (30) and closely regulated mitochondrial distribution (31, 32) , the disrupted mitochondrial distribution would be a result of microtubule abnormal organization and could reflect cytoskeleton structure disruption. The current study further tested whether microtubule structure was disrupted by CA treatment. CA treatment could reduce tubulin density and as a consequence, the mitochondrial distribution changed from arranged along cytoplasmic microtubules (33) to scattered in the perinuclear space. This result indicated CA treatment may disrupt tubulin distribution and organization. Since CA inhibits hepatocellular carcinoma cell migration via inhibition of the VEGFR2-FAK pathway and downstream actin rearrangement (8) , data from the present study strongly suggests that CA may inhibit lung cancer A549 cell migration through cytoskeleton disruption.
The present study has a number of limitations. Due to the lack of information regarding the effect of CA in vivo, lower concentrations of CA were tested in mice in order to minimize a potential cytotoxicity effect. Preliminary data supported that low concentration of CA may exhibit antitumor effects in vivo (data not shown). However, due to the resolution limit of the IVIS system, we can only use a moderate CA concentration (mg/kg) to show a difference here. It is important to further verify whether concentrations lower than 1 mg/kg exhibits a similar effect. Eventually, although no changes in the body weight or daily activities of the mice were observed following treatment with a high dose of CA (8 mg/kg/day), it could not be excluded that CA may have an effect on the behavior of the mice. Behavioral tests could be employed to confirm the safety of CA in clinical use.
In conclusion, results from the present study demonstrated that CA treatment exhibited a potential anticancer activity in the A549 cell line and in in vivo. Particularly, CA reduced the migration rate of A549 cells, inhibited VEGFR2 kinase activity, disrupted tubulin remodeling and reduced tumor growth in vivo. In addition, CA exhibited its most potent anticancer effects in the micromolar concentration range. In conclusion, the present study suggests that CA may be considered as a potential chemotherapeutic agent for lung cancer therapy.
